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Extracardiac valved conduits are often employed in the
repair of certain complex congenital heart defects; late
obstruction is a well recognized problem that usually
requires catheterization for definitive diagnosis. A reli-
able noninvasive method for detecting conduit stenosis
would be clinically useful in identifying the small pro-
portion of patients who develop this problem. Contin-
uous wave Doppler echocardiography has been used suc-
cessfully to estimate cardiac valvular obstructive lesions
noninvasively.
Twenty-three patients with prior extracardiac con-
duit placement for complex congenital heart disease
underwent echocardiographic and continuous wave
Doppler echocardiographic examinations to determine
the presence and severity of conduit stenosis. In 20 of
the 23 patients, an adequate conduit flow velocity profile
Extracardiac valved conduits establish right ventricular to
pulmonary artery continuity in various types of complex
congenital heart disease. Although initial results are good,
conduit stenosis has been increasingly recognized as a late
postoperative problem. When suspected, invasive studies
are required to establish the degree of obstruction. Two-
dimensional echocardiography, a powerful diagnostic ap-
proach in many types of congenital heart disease, has been
of limited value in this situation because of the retrosternal
location of the conduit with resultant inadequate images.
Recently, Doppler echocardiography used to estimate val-
vular gradients demonstrated good correlation with gradients
determined at catheterization. This report reviews our initial
experience using continuous wave Doppler echocardiog-
raphy to assess conduit obstruction in postoperative complex
congenital heart disease.
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was obtained, and in 10an abnormally increased conduit
flow velocity was present. All but one patient had sig-
nificant obstruction proven at surgery and in one patient,
surgery was planned, In three patients, an adequate
conduit flow velocity profile could not be obtained but
obstruction was still suspected based on high velocity
tricuspid regurgitant Doppler signals. In these three pa-
tients, subsequent surgery also proved that conduit ste-
nosis was present.
Doppler-predicted gradients and right ventricular
pressures showed an overall good correlation (r =0.90)
with measurements at subsequent cardiac catheteriza-
tion. Continuous wave Doppler echocardiography ap-
pears to be a useful noninvasive tool for the detection
and semiquantitation of extracardiac conduit stenosis.
Methods
Patients. Twenty-three patients with an extracardiac
conduit underwent echocardiographic and continuous wave
Doppler examinations at the Mayo Clinic from February
1983through March 1984. Their clinical, echocardiographic
and catheterization data were reviewed for the purpose of
this report. The patients ranged in age from 5 to 39 years
(mean 18.1); 13 were male and 10 female. Underlying heart
disease included pulmonary atresia with ventricular septal
defect (nine patients), complete transposition of the great
arteries with ventricular septal defect and pulmonary ste-
nosis (six patients), tricuspid atresia (four patients). tetral-
ogy of Fallot (two patients), double-outlet right ventricle
with transposition (one patient) and univentricular heart (one
patient). A valved conduit had been placed during prior
corrective surgery in 22 patients. A valveless conduit was
used in one patient. The mean interval from prior surgery
was 66 months (range 21 to 140). The details of surgical
conduit placement have been described by Ciaravella et al.
(I). In all cases, the valve-bearing segment of the conduit
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was located so as to minimize sternal compression, usually
by placing it near the distal (pulmonary artery) anastomosis.
Two-dimensional echocardiographic examination. This
procedure was performed as described previously (2). A
mechanical scanner with 3.0 and 5.0 MHz transducers was
utilized from parasternal, apical, subcostal and suprasternal
locations. Images were recorded for storage and review on
% inch (1.9 em) videotape cassettes. Special attention was
directed toward visualization of the conduit and prosthetic
valve. High parasternal (right and left) transducer locations
with medial angulation of the ultrasound beam retrosternally
gave the best results. When feasible, M-mode recordings
of the conduit; prosthetic valve and systemic ventricular
chamber were obtained.
Doppler echocardiographic examination. This pro-
cedure was performed by the methods of Hatle and Angel-
sen (3). When the valve and conduit could be imaged, a
suitable Doppler "window" was selected for initial use. A
free-standing continuous wave Doppler probe (Pedoff, Irex
Corp.) was utilized to locate and measure the velocity profile
corresponding to maximal flow velocity in the extracardiac
conduit. The right or left parasternal, suprasternal and left
supraclavicular regions were most frequently employed. The
Doppler phase shift was electronically converted to a full
spectral display that, along with the audio signal, allowed
fine adjustments in transducer position to optimize the sig-
nal. No angle correction was used. Examination from more
than one site was routinely performed to obtain the maximal
Table 1. Patient Data in 23 Patients
Doppler Cath
2D Echo
Conduit Conduit
Age (yr) Underlying Conduit Gradient RVP Gradient RVP
Case & Sex Heart Disease Valve (mmHg) (mmHg) (mm Hg) (mmHg) Surgery Comments
19M PA Thickened 41 95 52 112 Yes Valve stenotic, neointimal
peel
2 7M TGA Not seen 61 47 62 Yes 85% conduit obstruction,
\0% valve stenosis
3 14M PA Normal 0 No Doing well clinically
4 25 M PA Not seen 40 36 \01 Yes 65% conduit obstruction,
tom cusps
5 26 F TOF Not seen 21 27 92 No Doing well clinically
6 6M TGA Not seen 15 No Doing well clinically
7 16M TGA Not seen 110 Yes 91% conduit obstruction,
normal valve
8 21 F TA Thickened 40 68 Yes 88% valve stenosis
9 14 F TA Thickened, 41 47 100 No Surgery planned
stenotic
\0 12M DORV, L-TGA Thickened, 74 41 62 Yes Conduit stenotic patch
stenotic repair
11 32 F PA Not seen 0 No Doing well clinically
12 15 F PA Thickened 16 11 90 Yes Closure of aorto-pulmonary
collateral vessels only
13 5F TA Not seen 64 69 130 Yes 63% valve stenosis
14 15 F PA Thickened 0 60 0 65 No Doing well clinically
15 26 F PA Not seen* 36 80 20 80 Yes No conduit stenosis
16 12M TOF Thickened 64 45 90 41% conduit stenosis, 54%
Yes valve stenosis
17 39 F PA Not seen 34 68 33 50 No Doing well clinically
18 24 M TA Not seen 34 27 6 No Doing well clinically
19 17 M UVH Thickened 55 45 95 Yes 71% conduit stenosis, 55%
valve stenosis
20 23 F PA Not seen 58 48 74 Yes Conduit stenosis
21 17M TGA Not seen 84 60 93 Yes 84% conduit stenosis, 48%
valve stenosis
22 15M TGA Thickened, 77 67 90 1\0 Yes 89% valve stenosis
stenotic
23 17 M TGA Thickened 100 120 96 122 Yes 83% valve stenosis
*Valveless conduit; Cath = catheterization; DORV = double outlet right ventricle; F = female; L = levo; M = male; PA = pulmonary atresia
with ventricular septal defect; RVP = right ventricular peak systolic pressure; TA = tricuspid atresia; TGA = complete transposition of the great
arteries; TOF = tetralogy of Fallot; 2D Echo = two-dimensional echocardiography; UVM = univentricular heart.
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Figure 1. Doppler flow velocity record-
ing in three patients. A, Continuous wave
Doppler record of extracardiac conduit
stenosis. The peak systolic velocity of 3.2
ml s corresponds to a predicted gradient
of 41 mm Hg. At catheterization, a 52
mm Hg gradient was found; at operation,
calcification and moderate stenosis of the
conduit bioprosthesis were present. B,
Continuous wave Doppler record of ex-
tracardiac conduit stenosis. The peak sys-
tolic velocity of 3.9 mls corresponds to a
predicted gradient of 6 1 mm Hg. At op-
eration. there was 85% stenosis of the
conduit body due to neointimal prolifer-
ation. C , Continuous wave Doppler re-
cord; tricuspid regurgitant signal. The peak
systolic velocity of 5 mls corresponds to
a predicted right ventricular peak systolic
pressure of 11 0 mm Hg. No conduit gra-
dient could be obtained by Doppler re-
cording in this patient. At subsequent op-
eration, there was 91% luminal obstruction
of the conduit body due to neotintimal
proliferation.
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flow velocity. Hard copy tracings were obtained by a stan-
dard M-mode fiberoptic record. When feasible, Doppler
examination of the native cardiac valves was also performed
with emphasis on the right atrioventricular (AV) valve. When
right AV valve insufficiency was present, the maximal ve-
locity was used to estimate right ventricular systolic pres-
sure. Doppler tracings were measured with caliper and ruler,
and the peak velocity was calculated.
Doppler flow velocities were used to predict the conduit
gradient with the formula (3): gradient (mm Hg) = peak
velocity (m/sj? x 4. Right ventricular peak systolic pressure
was estimated as follows: pressure (mm Hg) = (peak tri-
cuspid regurgitant velocityf X 4 + 10 mm Hg.
Cardiac catheterization. Catheterization data from all
patients undergoing subsequent cardiac catheterization were
reviewed. The conduit gradient was measured in all cases
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Figure 2. Correlation between Doppler echocardiographic and
catheterization (Cath) findings. Diagonal line represents identity.
Circles are data points for conduit gradients. Squares are points
for peak right ventricular (RV) pressure. The overall correlation
coefficient for the two methods was r = 0.90. Disparity from the
line of identity is likely multifactorial; possible causes are discussed
in the text.
Hemodynamic obstruction has been recognized as a late
complication of extracardiac valved conduits. The incidence
of this complication is not fully known, although it has been
reported (1,4) at 4 to 18%. The latter higher incidence was
due primarily to calcification of aortic homograft prostheses
Discussion
estimation and catheterization determination of conduit gra-
dients and peak right ventricular systolic pressure. The
regression line followed the relation: Doppler pressure =
12.87 + 0.763 catheterization pressure (r = 0.90, P <
0.001). The standard deviation was ± 12.49 and the slope
of the regression line was significantly different from I(p
= 0.006), with overestimation by Doppler echocardiogram
at low gradients and underestimation at higher gradients.
However, all but one patient, with a Doppler-predicted con-
duit gradient of 40 mm Hg or greater, had significant conduit
stenosis at surgery.
Subsequent course of patients. Fifteen patients under-
went subsequent cardiac surgery (Table I). In 13 patients,
conduit or prosthetic valve stenosis, or a combination of the
two, was found. One patient with a Doppler-predicted gra-
dient of 36 mm Hg and only a 20 mm Hg gradient found
at catheterization had no conduit or valve stenosis. This
patient underwent operation for pulmonary artery stenosis
distal to the conduit insertion. One patient underwent op-
eration for closure of aortopulmonary collateral vessels only
and the conduit was not examined. In one additional patient,
surgery was planned but not carried out at the time of this
report. The other seven patients not operated on were thought
to be doing well clinically and only routine follow-up was
recommended.
Results
Echocardiographic examination. Portions, usually
proximal, of the conduit were seen in all 23 patients. The
entire conduit could not be visualized in any patient. In 11
patients, one or more cusps of the prosthetic conduit valve
were visualized. Cusp appearance was normal in 1 patient,
abnormally thickened in the remaining 10 and judged ste-
notic in 5. Abnormal neointimal thickening of the body of
the conduit was not imaged in any patient.
Doppler examination (Table 1). An adequate conduit
flow velocity profile was obtained by continuous wave Dop-
pler echocardiogram in 20 of the 23 patients. Eleven patients
had a Doppler-estimated conduit gradient of 40 mm Hg or
more (approximately twice the normal expected level) (1).
All but one of these patients subsequently underwent conduit
replacement, with stenosis proven at operation. In the re-
maining patient, surgery was recommended. In three pa-
tients, a flow-velocity profile was not obtainable by contin-
uous wave Doppler examination. Conduit obstruction was
still suspected in these patients because of high velocity
regurgitant signals on Doppler examination of the right AV
valve signifying right ventricular hypertension. In all three
patients, conduit stenosis was subsequently proven at op-
eration. In another six patients, tricuspid regurgitant signals
were also obtained. Figures lA to C show examples of
conduit and tricuspid insufficiency Doppler velocity profiles.
Catheterization data. Results of cardiac catheterization
were available in 19 patients. Conduit gradient and peak
systolic right ventricular pressures are shown in Table 1.
Twelve patients had a measured conduit gradient of 40 mm
Hg or more; all but one of these had conduit obstruction
proven at operation. The remaining patient did not have
surgery. Of those with a gradient less than 40 mm Hg, three
underwent surgery and stenosis was found in one of these.
The remaining four patients were believed to have minimal
conduit stenosis and were followed up. Peak right ventric-
ular systolic pressure was increased in all patients.
Doppler catheterization gradient correlation. Figure
2 shows the relation between Doppler echocardiographic
as the difference in peak systolic pressure in the pulmonary
artery and right ventricle during catheter pullback and before
administration of radiographic contrast agent. When more
than one pullback record was obtained, results were aver-
aged. Correlation between Doppler and catheterization pres-
sures was analyzed by linear regression analysis using the
method of least squares.
Surgical findings. The surgical operative data and rec-
ords of the pathologic examination were noted when op-
eration for subsequent conduit replacement occurred. The
relative degree of conduit and prosthetic valve obstruction
was recorded when possible. With the exception of one
patient, all patients had prior porcine heterograft conduits.
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and may be lower with the use of a porcine valve. However,
a follow-up of children with porcine heterografts showed
severe prosthetic dysfunction in 20% at a mean of 33 months
(5). An increasing frequency of prosthetic dysfunction is
thus expected with continued use of this valve in children
and longer periods of follow-up.
Mechanism of conduit obstruction. Conduit obstruc-
tion can occur in three ways (4). First, there may be kinking
or functional stenosis of the conduit at the proximal or distal
anastomotic site. Second, a fibrous neointimal peel develops
in essentially all conduits over time. In some, progressive
neointimal proliferation causes obstruction. The mechanism
of this phenomenon is unclear but it may be due to recurrent
hemorrhage, thrombosis and reorganization between the
neointima and the conduit material (4). Third, progressive
stenosis of the prosthetic valve may occur. In virtually all
patients, thickening of the bioprosthetic cusps occurs over
time. In a minority of patients, stenosis of the prosthesis
occurs. Cusp calcification, osseous metaplasia and throm-
bosis are usually present in stenotic bioprosthetic valves (4),
although the sequence of events and factors leading to ste-
nosis are unclear.
Role of two-dimensional echocardiography. Two-di-
mensional echocardiography has been extremely useful in
diagnosing complex congenital malformation, but was dis-
appointing in our experience and in that of others (6) for
direct conduit visualization. In our study, the conduit bio-
prosthesis could be imaged in fewer than half of the patients.
The proximal conduit anastomosis usually was easily im-
aged, but the distal anastomosis was not visualized in any.
In addition, the body of the conduit, which contained patho-
logic degrees of neointimal material in most patients who
had surgery, was not well seen. The retrosternal course of
the conduit and associated overlying fibrous postoperative
tissue may be two factors making ultrasound visualization
difficult.
Doppler echocardiography. Because of the limitations
of conventional two-dimensional echocardiography, other
noninvasive diagnostic techniques need to be developed for
these patients. Doppler echocardiography has shown prom-
ising preliminary results in the noninvasive estimation of
stenotic valve gradients (7-12) and has been attempted in
patients with an extracardiac conduit. A study (13) of eight
cases showed no significant correlation with catheterization
gradients. However, this experience utilized a pulsed range
gated Doppler technique that requires two-dimensional tar-
get visualization for optimal results. In our study, a free-
standing (not image-dependent) continuous wave Doppler
probe was used to identify and maximize the Doppler flow
signal detectable from any of the previously mentioned ex-
amination windows. An overall correlation coefficient of
0.90 was obtained. Because of the small number of patients,
Doppler echocardiographic and peak right ventricular pres-
sure data were analyzed together. Separate regression anal-
ysis yielded a slightly lower correlation, but was limited by
fewer data points in each group. However, some degree of
Doppler echocardiographic overestimation as well as under-
estimation of catheterization measured gradients occurred.
Several factors may account for these disparities. Doppler
examination and catheterization were usually performed a
few days apart, with possibly different underlying hemo-
dynamic states. In instances of Doppler echocardiographic
underestimation of gradient, malalignment between the
Doppler beam and the maximal velocityvector of flow through
the stenosis may have occurred. Also, the presence of multi-
ple (as well as nondiscrete) areas of stenosis within the
conduit might cause gradient underestimation or invalidate
the theoretic assumptions for the use of the simplified ve-
locity-pressure equation (3). The cause or causes of over-
estimation of pressure remain uncertain. Despite these find-
ings, continuous wave Doppler examination was able to
identify an abnormal conduit gradient in lO of 13 patients
with conduit stenosis. A predicted conduit gradient of 40
mm Hg or greater was considered abnormal because a nor-
mal conduit gradient is approximately 20 mm Hg (1). Ab-
normally high right ventricular systolic pressure, suggestive
of conduit obstruction, prompted catheterization in the re-
maining three patients in whom Doppler examination of the
conduit was not feasible.
Implications. Because of the small number of patients
and an initial learning experience, the findings reported here
are preliminary. Further experience with a larger group of
patients will be necessary to prove conclusively the clinical
utility of continuous wave Doppler echocardiography in
quantitation of extracardiac conduit stenosis.
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